Investigation into the mechanisms driving cancer cell behavior and the subsequent development of novel targeted therapeutics requires comprehensive experimental models that mimic the complexity of the tumor microenvironment. Recently, our laboratories have combined a novel tissue culture model and laser direct-write, a form of bioprinting, to spatially position single or clustered cancer cells onto ex vivo microvascular networks containing blood vessels, lymphatic vessels, and interstitial cell populations. Herein, we highlight this new model as a tool for quantifying cancer cell motility and effects on angiogenesis and lymphangiogenesis in an intact network that matches the complexity of a real tissue. Application of our proposed methodology offers an innovative ex vivo tissue perspective for evaluating the effects of gene expression and targeted molecular therapies on cancer cell migration and invasion.
A challenge in cancer research is the lack of a physiologically responsive in vitro model that allows for the in depth study of cancer cells in a tissue-like microenvironment. Systematic investigation of the underlying mechanisms involved in cancer cell dynamics and the pre-clinical testing of novel therapeutics require experimental models that mimic the tumor-stroma microenvironment, including cancer cells, stromal cells, blood vessels, and lymphatic vessels (Kalluri and Zeisberg, 2006; Fukumura et al., 2010; Gomes et al., 2013; Corliss et al., 2016) . Recently, our laboratories have combined the innovations of a novel tissue culture model with laser direct-write (LDW), a bioprinting technology, to introduce a biomimetic microenvironment that enables real-time investigation of cancer cell migration, fate, and function during microvascular network growth, including both angiogenesis and lymphangiogenesis, in an attempt to fill the scientific gap between current in vitro and the in vivo reality ( Fig. 1 ) (Phamduy et al., 2015) . In this "From the Bench" article, we highlight the novelty and potential impact of our approach as an ex vivo platform for probing the reciprocal interactions between cancer cells, fibroblasts, blood vessels, and lymphatic vessels. A unique advantage of LDW is the ability to see both the living construct and the deposited cells during printing. The effective controlled spatial deposition of cancer cells onto a live three-dimensional tissue and time-lapse imaging exemplify the integrated "bottom-up" and "top-down" methodologies and motivates the future use of the model for pre-clinical screening of molecular therapies and genetic mutations on cancer cell dynamics at temporal and spatial resolutions only made possible by the presence of intact microvascular networks and stroma.
Laser Direct-Write þ the Rat Mesetery Culture Model: Bioprinting Cancer Cells on Inact Tissues for the Study of Cancer Cell Migration
Although metastatic disease remains a significant driver of mortality in cancer patients, the exact processes underlying its progression remain poorly understood. Few therapeutic options are available which effectively target the mechanisms responsible for cancer metastasis, including cell migration and invasion into surrounding tissue as current models suffer from the reality that de novo creation of two or three-dimensional environment is an oversimplification of a tissue microenvironment. We introduced LDW on live tissues (Fig. 2 ) in our recent work (Phamduy et al., 2015) , and demonstrated that (i) printed breast cancer cells integrate with the intact mesentery tissue and remain viable after printing (Fig. 3) ; (ii) cancer cells migrate away from their initial location during angiogenesis; (iii) cancer cells are capable of migrating and interacting with both blood and lymphatic vessels; and (iv) printing multiple cell types allows for comparison of cellspecific migratory behavior (Fig. 3) . The potential impact of our proposed platform to study cancer metastasis is realized when compared to traditional two-and three-dimensional assays.
Frequently utilized two-dimensional approaches using transwell systems or scratch assays can be used to evaluate cell migration under single or co-culture conditions (Kramer et al., 2013) . In scratch assays, single or heterogeneous cell types are grown together on a single surface and can be differentially labeled with fluorescent probes, seeded together, and monitored real time as they migrate across a "scratched" or bordered off region (Das et al., 2015) . Conversely, in trans-well systems, two distinct cell populations are grown on separate surfaces; one on the solid well surface and the other on the porous membrane insert (Gao et al., 2010; Dirat et al., 2011) . The membrane and well-bottom are spaced such that cells on Laser direct-write printing on cultured rat mesentery tissue. Rat mesenteric tissue windows, defined as the thin, translucent connective tissue sections between artery/vein pairs feeding the small intestine, are harvested from adult rats and spread onto inverted commercially available trans-well inserts. Prior to insertion of the insert plus tissue into a well of a six well culture plate, cells embedded in a gelatin coated UV-transparent quartz disc, termed "ribbon," can be printed directly onto the tissue (Phamduy et al., 2015) . A single pulse of 193 nm Arf excimer laser causes the formation of a local vapor pocket that ejects a desired amount of cells. Use of an in situ camera enables real time targeting of cells. We have demonstrated that bioprinted tissues can be cultured using normal culture conditions for at least up to 5 days.
the two surfaces cannot form direct cell-to-cell contacts. Thus, the interaction between the two cell cultures is mediated by secreted soluble factors, and chemotactic migration of each cell type, as well as invasion when using matrigel-coated chambers, can be monitored at endpoints. Although the trans-well system is an indispensable tool for studying paracrine signaling events, the bulk monolayers do not resemble in vivo tissue construction. To this end, micropatterned systems have been developed to mimic cell patterning seen on tissues for studying heterotypic cell-to-cell interactions (Bhatia et al., 1997) . Distinct cell groups can either be grown on differential growth surfaces, which allows for formation of direct cell-cell contacts at culture interfaces, or isolated on surface adhesion islands, which limits groups of cells to specific positions in spatially defined patterns. Cell migration away from these patterns can then be observed (Kim et al., 2013) . As seen in the other twodimensional assays, however, micropatterned cells often lack 3D tissue geometry.
Organotypic culture models, in which cells are combined with additional cell types such as fibroblasts in native extracellular matrix scaffolds, attempt to mimic this tissue dimensionality (Shamir and Ewald, 2014) . In general, cells are seeded on top of a collagen or ECM-like matrix and the depth or the pattern of the invasion can be observed with the migration of cells and quantified in one direction. Variations of this approach include hydrogel technologies, which have been images of printed MDA-MB-231 metastatic breast cancer cells on rat mesenteric tissue. Cells can be fluorescently tagged prior to printing via either cell membrane labeling or transfection. Lectin labeling identifies endothelial cells along blood vessels, "bv," and lymphatic vessels, "L." Arterioles, venules, capillaries, and lymphatics can be identified based on relative endothelial cell morphology and labeling intensity (Sweat et al., 2012 (Sweat et al., , 2014 Stapor et al., 2013) . The dotted circles at day 0 identify initial printed cell spots. By day cancer cells can be identified outside the initial location indicative of cell migration (arrow heads) and re-labeling with lectin identifies angiogenesis (i.e., new vessel formation; asterisks). Bottom row: Printing of metastatic breast cancer MDA-MB-231 cells and non-metastatic MCF-7 cells enables direct comparison of cell migration behavior. Comparison of relative cell locations on day 0 (before culture) versus day 2 after culture identifies apparent increased cell dispersion of the MDA-MB-231 cells. Lectin labeling again identifies microvessels. Scale bars ¼ 500 mm. similarly developed to embed or encapsulate cells in 3D microenvironments. Using this approach, several co-culture models have been developed: bulk hydrogel encapsulation (Wang et al., 2010) , microbeads (Yao et al., 2013) , micromolded hydrogel constructs (Zhu and Nelson, 2013) , and layered hydrogel models (Delort et al., 2013) . Although these approaches attempt to offer physiologically relevant scaffolding on which to quantify migratory differences between cell types, their application is limited by the inability to spatially position cells or cell groups within the matrix. To circumvent this problem, several research groups have combined micro-scale encapsulation technique, which enables the creation of artificial cell microenvironments that resemble in vivo niches, with bottom-up tissue engineering technologies capable of assembling the cell-laden hydrogel subunits (Du et al., 2008) . As an alternative approach to recapitulate multi-cellular, multisystem interactions involved in site-specific metastasis, microfluidic models have emerged to investigate cancer cell migration and extravasation through endothelial lined channels (Bersini et al., 2014a; Ehsan et al., 2014) . For example, work by Dr. Roger Kamm's group have demonstrated the value of such a microfluidic-based approach for metastasis of breast cancer to bone by creating a vascularized osteo-cell conditioned microenvironment. Employing a tri-culture system, they were able to show preferential trans-endothelial migration of breast cancer cells toward the osteo-cell conditioned environment compared to the collagen-gel only matrices (Bersini et al., 2014b) . Due to fabrication of virtually any "channel" network patterns and availability of profusion, microfluidic devices provide an attractive venue to examine cancer cell-endothelial crosstalk (Stroock et al., 2010; Moya et al., 2013; Ehsan et al., 2014) . Microfluidic devices, similar to the other "bottom-up" approaches, however, do not reach the complexity of intact blood microvascular networks, lymphatic microvascular networks, fibroblasts, macrophages, and cancer cells, thus reemphasizing the novelty of combining LDW with the rat mesentery culture model. The "top-down" nature of the rat mesentery culture model enables the maintenance of a multicellular, multi-system tissue microenvironment, and the "bottom-up" characteristic of LDW adds the real-time patterning of the cancer cells, ranging from single cells to groups of cells (Figs. 1 and 2) .
Advantages of Laser Direct-Write
Direct-write technologies, often called bioprinting, when "bioinks" (cells, biologics, or biomimetic material subunits) are printed, offer the ability to generate tissue analogues from spatially ordered cell cultures in artificial microenvironments (Ringeisen et al., 2013) . The "direct-write" paradigm refers to the deliberate placement of bioinks into desired pattern positions. Specific technologies, such as ink-jet printing (Mironov and Forgacs, 2007) , extrusion-based bioprinting (Ozbolat and Hospodiuk, 2016) , or laser direct-write (Schlie et al., 2011) , incorporate computer-aided design/computeraided manufacturing (CAD/CAM) for high-level precision in spatial positioning of voxels of bioink within a co-fabricated 3D hydrogel matrix. Because blue-print patterns are defined by computer coding, virtually any histologically relevant geometry can be reconstructed, though at different resolutions. Inkjet printing utilizes piezoelectric-pressure (Jakab et al., 2010) or heat (Cui et al., 2010) to deposit droplets of biological "inks" on demand, and is capable of forming meso-scale constructs from micro-scale subunits (Mironov et al., 2003; Boland et al., 2006) . However, the technique is plagued by nozzle-clogging when printing viscous hydrogel solutions and variability in droplet-todroplet cell density as cells in suspension may settle over the duration of printing. In addition, variability in droplet-todroplet composition does not allow inkjet printing to consistently deposit single hydrogel subunits from a prepared suspension. Concomitant problems are associated with other bioprinting techniques, such as extrusion-based bioprinting.
LDW provides an attractive alternative for bioprinting multicellular constructs in spatially ordered patterns at near single cell resolution. Gelatin-based LDW (Schiele et al., 2011 ) is a non-contact, orifice-free technique that offers the ability to deposit biological materials with micro-scale precision (AE5 mm) (Schiele et al., 2010) . In addition, the system is capable of printing over two magnitudes of voxel size (up to 600 mm), simply by expanding the laser beam's cross-sectional area (Phamduy et al., 2012) . LDW systematically delivers lowpower UV laser pulses to the "bio-inked" ribbon to generate droplets and softly transfer them to the defined pattern positions on the receiving substrate (Fig. 2) . Successful droplet generation and kinetic transfer of materials occur upon localized vaporization and rapid expansion of the gelatin matrix, which transfers the droplet from the ribbon-matrix interface. LDW achieves CAD/CAM capability through automated x, y, z translation of the substrate platform according to the user-generated blue-print code. Concurrently, LDW incorporates an in situ, charge-coupled device (CCD) camera placed directly above the motorized ribbon stage, providing the user with real-time vision for selective cell or cell-laden hydrogel transfer. Thus, through independent ribbon and substrate stage controls, targeted groups of cells or single hydrogel micro-droplets can be targeted in real-time and additively deposited into programmable array positions. By spatially controlling cell group placement, well-defined constructs from discrete subunits are fabricated for the study of spatial-dependent cellcell communication and cancer cell migration and invasion.
Advantages of the Rat Mesentery Culture Model
The need exists for biomimetic in vitro models of cancer cell migration/invasion that match the in vivo complexity of microvascular network growth models, including multiple cellular dynamics integrating angiogenesis and lymphangiogenesis. Over the past 4 years, our laboratories have introduced and developed the rat mesentery culture model. In comparison to other angiogenesis-motivated models, the rat mesentery culture model offers the potential for time-lapse investigation of mechanistic cell-cell interactions at specific locations across blood and lymphatic microvascular networks. We have shown that the model is advantageous because it can be used for (i) real time imaging in the same tissue; (ii) quantification of endothelial cell sprouting at specific locations within a microvascular network during growth factor-induced angiogenesis; (iii) investigating functional effects of pericytes on endothelial cell sprouting; (iv) studying lymphangiogenesis; (v) investigation of lymphatic/blood endothelial cell interactions; and (vi) anti-angiogenic drug testing (Stapor et al., 2013; Sweat et al., 2014; Azimi et al., 2015) . A key advantage of our model is its simplicity-the tissue is easy to obtain, self-contained, and does not need to be embedded. More importantly, the unique thinness (20-40 mm) of mesentery, which allows for observation of intact networks down to a single cell level while still maintaining three-dimensionality, makes it an ideal tissue for printing exogenous cells.
Potential Applications and Limitations
We envision that the LDW plus rat mesentery culture model platform can be used to evaluate cancer cell migration, intravasation, and vessel recruitment within an intact microvascular network. Using LDW cell printing, cells can be deposited onto mesenteric tissues at specific locations. The cancer cell-environment interactions can then be evaluated by spatial and temporal quantitative read-outs such as the direct effect of cancer cells on angiogenesis and lymphangiogenesis, whether these effects correlate with location within a vessel network, and whether different types of cancer cells preferentially metastasize to lymphatic versus blood vessels. Another application would be the screening of cell-specific responses to molecular treatments. For example, consider that characterized breast cancer subtypes (e.g., luminal and basal) are defined by unique signaling, transcriptomic, and epigenetic signatures (Perou et al., 2000; Sotiriou et al., 2003; Network, 2012) . With the use of LDW bioprinting onto mesenteric tissues, cell type-specific migratory dynamics can be quantified. These response measurements can further be used for the evaluation of targeted therapeutics. Specifically, cancer cells printed on mesentery can be treated with existing drugs and novel compounds as a preclinical model for testing efficacy and toxicity, both to the cells and to the surrounding components of the microenvironment. In our laboratories, as one example, we have shown that altered kinase signaling, chemokine and cytokine receptor active ion, and histone deacetylase (hDAC) inhibitors suppress cancer cell invasion/migration in two-dimensional trans-well assays, which are further supported by regulation of cancer cell metastasis in vivo (Rhodes et al., 2011 (Rhodes et al., , 2014 . The application of our innovative model platform now offers a new method for the quantitative evaluation of molecular pathways and novel therapeutics that regulate the dynamics of cancer cell invasion/migration in distinct cancer subtypes via metrics for cell motility toward specific vessel types and cell phenotypic state during angiogenesis and lymphangiogenesis. Alternatively, primary cells expanded from clinical biopsy samples, patient-derived xenograft models, or characterized cell lines can be printed onto autologous mesentery tissue and challenged with various therapeutics. Furthermore, because the mesentery allows for single cell observation, immunohistochemical identification of cell phenotype and morphology alterations, like those associated with invadopodia formation (Leong et al., 2014) , or other activated states, can be quantified in real time or at specified endpoints.
A unique advantage of LDW bioprinting on mesenteric tissues is the ability to print single or multiple cell subtypes in specific locations at specific times and in specific numbers. By defining the laser pulse beam size and controlling the size of printed cell groups, cell number can be varied and a determination can be made on critical cell number needed for the cancer cell phenotypic changes or cancer cell population initiation of tissue level responses. Furthermore, with printing single cancer cells, high-resolution models can be generated to compare single cell versus population-based dynamics and predict conditions that activate the "switch" to overcome metastatic dormancy. The use of LDW offers the potential for interrogation of dynamic interaction between multiple cell populations interacting upon stromal scaffold to define the tumorigenic and metastatic process. For example, we have demonstrated interaction between tumor cells and normal human mesenchymal stem cell populations and adipocyte stem cell populations in 2D culture and in vivo tumorigenesis models (Rhodes et al., 2010; Strong et al., 2015) . The use of LDW would allow the manipulation of individual cell populations combined with coordinated cell printing to test mechanisms that regulate cell to cell crosstalk. Likewise, it has been shown that the co-printing the metastatic breast cancer cell line MDA-MB-231 with fibroblasts motivates the investigation of how fibroblasts, which are known to be play a role in cell migration (Camp et al., 2011) , chaperone cancer cell migration toward specific locations across the hierarchy of a blood, or lymphatic microvascular network (Orimo et al., 2005; Duyverman et al., 2012) . Moreover, the printing of metastatic and non-metastatic breast cancer cells (Fig. 3) supports the use of the model for the direct comparison of different cancer cell types.
Although printing cells onto live tissues represents an exciting opportunity for current cancer cell migration research, we recognize that the impact of its applications will be dependent on the model platform's continued development. First, the characterization of all the cell types that remain present in cultured rat mesenteric tissues is incomplete. We do know that most cells remain viable including CD11b positive macrophages and other interstitial cells, yet further characterization is needed to identify the various cell populations. Moreover, we have yet to confirm cancer cell viability past 5 days in culture with rat mesenteric tissues (Phamduy et al., 2015) . Additional investigation is needed to define the temporal resolution and maximum duration of experiments. Undoubtedly, these details will influence the scope of cancer cell dynamics that can be captured and related questions that can be answered. In addition, we have demonstrated the potential for bioprinting on the rat mesentery using breast cancer cells (Phamduy et al., 2015) . LDW is a cell type-independent process and studies with alternative cell lines, including additional cancer cell types, are necessary. A more pathologically relevant line for mesentery tissue might be ovarian cancer cells, which have been known to home to intestinal tissue (Lengyel, 2010) . Another limitation of our integrated model platform includes the relevance of the rat mesentery tissue, which arguably is not optimal to represent a tumor microenvironment. We postulate that this critique is indeed common for most in vitro models and for now we can only offer a rebuttal that our approach potentially offers a way to incorporate unmatched complexity. An alternative source for mesenteric tissues is mice. Unfortunately, mouse mesentery tissues are avascular. Nevertheless, the future use of mouse mesentery tissues derived from transgenic mice could be useful for investigating extracellular matrix-dependent cell migration behaviors or related scientific questions that do not necessitate the presence of a microvasculature. The use of the rat mesentery tissue does enable printing of cells on tissues from aged or pathological rat strains to examine the bi-directional effects of disease environmental backgrounds and cancer cells. Finally, similar to other ex vivo systems, our model currently lacks the presence of blood flow. Future studies will also be needed to include this and evaluate its necessity for specific cancer cell migration dynamics, yet despite the current limitations, critiques, and unknowns, the novelty of the combined LDW bioprinting and rat mesentery culture model methods leads to an ex vivo platform that potentially enables quantification of cancer cell dynamics and effects within a complex environment at temporal and spatial resolutions not yet attained by other models.
